Examinations of sperm sedimentation in Percoll density gradients suggested that the sedimentation velocity of X-bearing sperm was faster than that of Y-bearing sperm, despite the fact that the apparent densities of the two types of cells obtained by equilibrium sedimentation were similar. From this, it seems difficult to obtain both types of cells simultaneously by only one procedure. Assuming that the ease with which the cells pass through the density interfaces influences their sedimentation velocity, a discontinuous density gradient with 12 steps (25 to 80% Percoll) was adopted for the selective isolation of X-bearing sperm. Among the conditions examined, centrifugation at 250 g for 30 min gave the optimum result: 23.3 i 6.3 'X, of sperm was recovered in the sediment, of which the percentage of Y-bearing sperm was only 6.4 i 1.8 %; thus the purity of X-bearing sperm was approximately 94 %. Almost all the sperm in the sediment were active and forward motile.
Various attempts have been made to separate human X-and Y-bearing sperm in vitro by centrifugation (12), electrophoresis (2) , gel filtration (14) and passage through albumin layers (3) . These experiments were based on the assumption that the difference in the size of chromosomes (smaller Y and larger X) might provide differences in the size, mass, specific gravity, electrical charge, swimming speed, and other properties of the ejaculated X-and Ybearing sperm. However, there has been no agreement concerning the factors which may affect the separation of the two types of cells.
We have recently observed by means of freefiow electrophoresis that the zeta potential on the surface of human X-bearing sperm is higher than that of Y-bearing sperm, and succeeded in separating the two types of cells (4) . Another successful separation, although not perfect, was achieved by using a discontinuous density gradient centrifugation in Percoll, a modified silica gel (6) . A higher percentage of Y-bearing sperm was recovered in the lighter fractions, and the percentage decreased as the density increased. We supposed that the separation was caused by a difference in their densities; in other words, that it was accomplished by equilibrium sedimentation. However, further investigations described in the present paper suggest that the separation of X-and Y-bearing sperm in the Percoll density gradient is based on differential velocity sedimentation. It thus appeared difficult to prepare highly purified X-and Y-bearing sperm fractions simultaneously in good yield. As a first step, therefore, we established the optimum condition for the selective isolation of human X-bearing sperm.
MATERIALS AND METHODS

Human semen
Human semen was ejaculated after 4 days of sexual abstinence and allowed to liquefy for 30 min at room temperature. Unless otherwise mentioned, normospermic semen samples (more than 6><10" sperm/ml and 60% motility) were used. Sperm was counted with a hemocytometer, and the percentage motility was examined subjectively by skilled technicians. Motility of the separated X-bearing sperm was recorded quantitatively by a bulb exposure photography method (8) . A drop (7 pl) of the sperm suspension was placed in a sperm-observing chamber, 15 pm in depth. The stage of the microscope was kept at 37°C with an electronic pyrostat. Photographs of the moving sperm were taken with a lsec exposure using dark field optics. Forward motile sperm was recorded as wavy lines, whereas submotile and immotile sperm and other types of cells in the semen were observed as sharp images.
Determination of X-and Y-Bearing Sperm
The content of Y-bearing sperm was determined by fluorescent staining with quinacrine mustard (Sigma), according to the method of Barlow and Vosa (1) . More than 500 sperm were counted in each specimen. The sperm which had a fluorescent body at the center of the head were identified as Y-bearing sperm and those without such a body as X-bearing sperm.
Since the aim of the present study was to prepare highly purified human X-bearing sperm, the data are expressed as the percentage of Xbearing sperm which was computed by subtracting the percentage of Y-bearing sperm from 100.
Isotonic Percoll Solutions with Various Densities
One volume of 10-fold concentrated sperm culture medium (5) was added to 9 volumes of Percoll to make up a 90% isotonic stock solution. Various densities of Percoll (Pharmacia Fine Chemicals, Uppsala, Sweden) were then obtained by further dilution with the culture medium.
Washing of Sperm with Percoll Liquefied semen was diluted two-fold with the culture medium and filtered through a nylon mesh (pore size, 40 pm). Then 4.0 ml of sample was layered onto 4.0 ml of 25% Percoll and centrifuged at 250g for 20 min with a swing-out rotor. After centrifugation, Percoll and seminal plasma were discarded and the loose pellet of sperm was resuspended in the culture medium or in 25 % Percoll.
S. KANEKO et al.
RESULTS
The apparent densities of human X-and Ybearing sperm were determined by equilibrium sedimentation in Percoll (10). Percoll forms a continuous density gradient during centrifugation; the resulting gradient depends on the starting concentration of this agent.
Six semen specimens with various qualities (0.8-6 .5><10" sperm/ml and 40-80% motility) were provided for equilibrium sedimentation; the average content of Y-bearing sperm in these specimens was 46.5 i2.6 %. Fig. 1 shows the equilibrium sedimentation' of human sperm. All specimens gave similar distribution profiles in the continuous gradient regardless of their quality. Sperm counts increased along with the density increment and 62.1 14.7 % of sperm was recovered in fraction No. 3, which corresponded to a density of 1.10-1.12 g/ml. The percentage of Y-bearing sperm in this fraction was 47.0i3.4 %. This suggested that there was little difference between the apparent densities Density (g/m£,-o-) 1.00
1.05 1,10 |_15 and washed with Percoll. The washed sperm suspension (25 ml in culture medium) had values of 8.4 ><10" sperm/ml and 70% motility, and the content of Y-bearing sperm was 41.6 i2.9 %. A slight decrease in the percentage of Y-bearing sperm seen after washing was due to recovery of fewer Y-bearing sperm in the sediment. Separation of the two types of cells occurred to some extent even after centrifugation of sperm in a monolayer of 25 % Percoll. After 5 min of centrifugation, almost all sperm were found in layers ranging from 1.06 to 1.09 g/ml; separation of X-and Y-bearing sperm was only slight (Fig. 2) . Separation became more sharp as the period of centrifugation increased from 10 to 30 min, during which the sperm were still in the process of sedimentation. Further increase in the period of centrifugation up to 60 min, when about 44% of sperm reached the bottom, reduced the ratio of X-to Y-bearing sperm. This may be due to re-mixing of Y-bearing sperm with X-bearing sperm once separated. After attaining equilibrium sedimentation, the deviation from the initial X/Y ratio seems to be diminished (Fig. 1) .
Figs. 1 and 2 suggest that the sedimentation velocity of X-bearing sperm is faster than that of Y-bearing sperm. Although there was little difference in their apparent densities, the separation was based on differential velocity sedimentation but not on equilibrium sedimentation. The ratio of the two types of cells in the gradient, however, varied with the length and force of centrifugation. To obtain a better separation, we examined various density gradients of Percoll in 6, 8, 10-and 12 steps (data not shown). It was found that as the number of steps of the gradient increased, X-bearing sperm with a higher purity was obtained in the sediment; Y-bearing sperm in the lighter fractions was reduced. Since it seemed difficult to prepare both types of cells simultaneously in one procedure, Percoll density gradients in 12 steps were employed for separating a fraction rich in X-bearing sperm. The density ranged from 1.03 to 1.10 g/ml, which corresponded to 25 and 80% Percoll.
Semen samples from 6 donors (14 ml, Ybearing sperm=47.7 12.9 %) was washed with Percoll and resuspended in 25 % Percoll at 6 X107 sperm/ml. After centrifugation, percentage of Y-bearing sperm in the suspension was 40.0j;1.9 %. The optimum force and length of centrifugation were examined under the various conditions specified in Fig. 3 . Under all conditions examined, the purity of X-bearing sperm recovered in the sediment ranged from 87 to 94%, whereas that of Y-bearing sperm in the lighter fractions was below 60%. Purification of X-bearing sperm was much improved by increasing the number of steps of Percoll density gradient from 6 to 12, although it was not suitable for the separation of Y-bearing sperm.
Among the conditions examined, centrifugation at 250 g for 30 min, and at 400 g for 20 min 'ii . '
il-
Sperm Recovery (%, -Q--) Fig.4 Selective isolation of the human X-bearing sperm. In the six semen specimens used in this experiment, concentrations of sperm ranged from 6 to 8.8 >< 10"' cells/ml, and 60-90% of the sperm were motile. For the optimum separation condition, see Fig. 3 . Values are meansiSD (n=6).
gave the highest yield of X-bearing sperm (up to 94%). The best recovery of sperm in the sediment, on the other hand, was obtained by centrifugation at 250g for 30 min and at 600g 191 for 15 min. Thus the centrifugation at 250g for 30 min proved to be optimal for the selective isolation of X-bearing sperm. The results shown in Fig. 4 indicate that the efficiency in the separation of X-bearing sperm is mainly determined by the number of steps in the gradient, and that the sperm recovery in the sediment is influenced by the force and length of centrifugation.
In the next step, semen samples from 6 donors were centrifuged separately under the optimum centrifugation condition (at 250 g for 30 min) to examine the reproducibility. Washed sperm was resuspended in 25% Percoll in the original volume. After centrifugation, ten fractions were collected (Fig. 4) . The highest purity of X-bearing sperm, approximately 94%, was seen in the sediment (fraction No. 1). The recovery of sperm in this sediment was 23.3i6.3%. Although the recovery varied to some extent, the purity of X-bearing sperm was almost constant.
To examine the viability of sperm after fractionation, motility of X-bearing sperm recovered in the sediment was measured as described in Materials and Methods (Fig. 5) . While unfractionated semen contained sperm with various modes of movement and other types of cells such as epithelial cells and leuko- cytes, almost all the separated X-bearing sperm were active and forward motile. Immotile sperm and other types of cells in semen were thus eliminated during the fraction procedure.
DISCUSSION
Separation of X-and Y-bearing sperm by means of centrifugation may be performed in two different ways, i.e., equilibrium sedimentation and differential velocity sedimentation. The former requires that the two types of cells to be separated have different specific gravities. The latter is based on the difference in sedimentation velocity, which is determined by specific gravity, bouyant density, volume and morphology of cells, and viscosity of the medium. Discontinuous density gradient centrifugation in Percoll is a very useful method for separating X-from Y-bearing sperm. A 12-step gradient was especially suitable for the selective isolation of X-bearing sperm. In the present study, we found that X-bearing sperm sedimented faster than Y-bearing sperm despite the fact that their densities were similar. In other words, the separation was accomplished by differential velocity sedimentation. This was supported by another observation (6) that separation was achieved to some extent in a monolayer of Ficoll Paque (Pharmacia Fine Chemicals), where a density gradient was not formed even after centrifugation.
Many authors have claimed that X-bearing sperm differ from Y-bearing sperm with respect to the mass of sperm head (13), the content of deoxyribonucleic acid (15), the area of nuclear region (11), and the surface area of sperm head (9) . However, there are no conclusive data supporting these claims. These features should be reinvestigated biochemically and morphologically using highly purified X-and Y-bearing sperm. Although the major factors that contribute to the difference in sedimentation velocity of X-and Y-bearing sperm in Percoll still remain unclear, we propose the following working hypothesis from our observations. The separation is based on differential velocity sedimenta- Approximately 200 sex-linked genetic diseases have been described including hemophilia, muscular dystrophy, achromatopsia, Cooley's anemia, glucose-6-phosphate dehydrogenase deficiency, and others (7) . The prior selection of sex is one reliable method for preventing these diseases. For the clinical application of this method, a strict check for the toxic effects of Percoll on sperm physiology is one of the most important problems.
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